Ligularol (1), a furanoeremophilane, was isolated together with eremophil-1(10)-en-11-ol (2) from one of eight collected samples of Ligularia nelumbifolia and L. kongkalingensis, a closely related species. It is proposed that the ability to produce the furanoeremophilane has been acquired through hybridization.
Furanoeremophilanes are found in many Ligularia species (Asteraceae) in the Hengduan Mountains. A decade of chemical and genetic studies on Ligularia, as well as observation in the field, has allowed us to propose a hypothesis that plants producing furanoeremophilanes have an ecological advantage compared with those producing eremophilan-8-ones of the same or related species [1] . For example, furanoeremophilane-producing species such as L. virgaurea (Maxim.) Mattf.
[2] and L. pleurocaulis (Franch.) Hand.-Mazz. [3] are widely distributed, making large colonies in many populations. L. vellerea (Franch.) Hand.-Mazz. [4] and L. cymbulifera (W. W. Smith) Hand.-Mazz. [5] are also very abundant in northwestern Yunnan Province. In some species, such as L. kanaitzensis Hand.-Mazz. [6] , both furanoeremophilane-and eremophilan-8-one-producing populations are present and the former is more abundant than the latter. These ecological observations suggest that furanoeremophilanes are bioactive compounds, although their exact roles in nature are not known.
L. nelumbiforia (Bureau & Franch.) Hand.-Mazz. and its related species, L. duciformis (C. Winkl.) Hand.-Mazz. and L. kongkalingensis Hand.-Mazz., are very abundant in the Hengduan Mountains area. The three species are taxonomically closely related to one another, growing in stream banks, forest understories, grasslands, and alpine meadows [7] . Recently we reported that the three species were indistinguishable, and presumably forming a complex; however, the plants were found to harbor four chemotypes; i.e., an eremophilane-producing type (type 1), an oplopane-producing type (type 2), a phenylpropenoid-producing type (type 3), and a type producing other compounds (type 4) [8] . Many phenylpropenoids [9], as well as sesquiterpenoids, such as eudesmanes, guaianes [10] , oplopanes [11] , and eremophilanes, including eremophilanolides [12], have been isolated from these species prior to our systematic search; however, no furanoeremophilane was isolated. Genetic analysis suggested that the ability to produce sesquiterpenoids was acquired through hybridization [8] . k Ruoergai/Hongyuan 3700 type-4 a n = L. nelumbifolia-like, k = L. kongkalingensis-like b Zhiqingsong located in Qinghai Province, the others in Sichuan Province. c See text and previous report [8] . The characteristic compound of type 3 is nelmol A (3).
A further search in northern Sichuan Province in 2010 provided us with eight additional samples of L. nelumbifolia and related species (Table 1 and Figure 1 ). As previously reported [8] , the morphological differences between the samples were not clear, and we tentatively identified samples 1 and 2 as L. nelumbifolia (glabrous involucres, long pappus) and samples 3-8 as L. kongkalingensis (pilose involucres).
Ehrlich's test of the EtOH extract of each fresh root was carried out on TLC, as previously described [3] . Sample 1 showed a strong Ehrlich-positive spot, suggesting the presence of furanoeremophilane(s). The other samples were Ehrlich-negative and their chemical components were detected on TLC using either phosphomolibdic acid or p-anisaldehyde/AcOH/H 2 SO 4 as the detection agents. A spot with an R f of nelmol A (3) was detected in samples 3, 4, and 7. This compound was a characteristic of all the type-3 samples previously collected [8, 13] . Thus, these three samples were classified as type 3 (phenylpropenoid-producing type). Samples 4 and 7 showed the same TLC spots, indicating the same chemical composition, while only one big spot due to 3 was detected for sample 3. No characteristic spot was detected for the other four samples (samples 2, 5, 6, and 8) and they were classified as type 4 (see ref [8] ). [14] alone was isolated from sample 3, while sinapyl alcohol derivatives 3-5 were obtained from sample 7, supporting the above TLC results. From sample 1, ligularol (1) [15] and eremophil-1(10)-en-11-ol (2) [16] were isolated, and thus the sample was classified as type 1 (eremophilane-producing type). Type 1 is a minority [8] and this was the first isolation of a furanoeremophilane from either L. nelumbifolia or a related species (L. kongkalingensis and L. duciformis). The DNA sequences of the ITS1-5.8S-ITS2 region in the nuclear ribosomal RNA gene and of the atpB-rbcL intergenic region in the plastid genome were determined for the eight samples. The results are summarized in Table 2 . Multiple variant sequences, including length variants, were detected in the rRNA gene cluster, as previously reported [8] , suggesting hybridization in these samples.
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As described above, we have proposed a hypothesis that Ligularia species producing furanoeremophilanes have an ecological advantage over Ligularia producing eremophilan-8-ones, which at the same time implies a trend of chemical evolution from eremophilan-8-one toward furanoeremophilane [1] . Thus, it is presumed that the population of sample 1 is evolutionarily advanced among L. nelumbifolia and related species [8] [9] [10] [11] [12] . Genetic analysis suggested that the ability to produce furanoeremophilanes may have been acquired through hybridization [8] . However, it is difficult to specify the parent species. Ligularol (1), a furanoeremophilane, is often found in Ligularia species. This compound has been isolated from various species such as L. L. nelumbifolia and related species are very abundant in the Hengduan Mountains area, making exclusive colonies along stream banks at 3500-4500 m in altitude. In contrast, most of the furanoeremophilane-producing Ligularia species grow in either grasslands or alpine meadows, but not along streams. Although the furanoeremophilane-producing population of L. nelumbifolia (sample 1) in stream banks is small now, we are inclined to think that, with an ecologically active compound in the root, the population will expand their habitat in future.
Experimental
General: NMR spectra were recorded on a JEOL ECA-500 spectrometer at 298 K in CDCl 3 solution. Chemical shifts were referenced to either the residual CHCl 3 ( H 7.26) or CDCl 3 ( C 77.0). CC was performed on Merck silica gel 60 (60 -230 mesh). Preparative HPLC was performed on a Waters 600E pump system with a SenshuPak Pegasil ODS column (10 mm i.d. x 250 mm).
Plant material:
Samples were collected in August 2010 at 8 locations shown in Table 1 and Figure 1 . Each sample was identified by X. G. (an author). Voucher specimens were deposited in the Herbarium of Kunming Institute of Botany (No. 2010-11, -12, -16, -27, -30, -39, -47, and -53 for samples 1-8, respectively).
Extraction and purification:
For Ehrlich's test, the roots of each plant (2-5 g) were harvested and extracted with ethanol immediately, without drying. Solid plant material was removed after several days, and the solution was subjected to TLC without concentration. See our previous report for the procedure of the test [3] . For the structure determination, the roots were dried for about one week. Sample number ITS1 a 5.8S a ITS2 a atpB-rbcL b 1 1 1 1 1 1 1 2 2 2 2 2 1 1 1 1 1 1 1 1 2 2 2 2 3 As c 1 2 6 6 0 1 1 3 3 8 8 1 2 2 3 3 4 8 2 3 1 2 2 3 3 4 6 7 0 0 5 6 7 9 1 2 2 2 5 4 3 6 4 5 8 0 5 1 2 4 8 4 4 5 0 8 6 2 1 7 9 5 8 2 3 1 9 7 1 4 1 3 7 9 7 0 1 8 1 4 The dried roots (47 g) of sample 1 were extracted with EtOAc. Onethird of the extract was concentrated under reduced pressure to give a residue (328 mg). This was chromatographed on silica gel with a gradient of n-hexane-EtOAc (from 100:0 to 0:100). Fractions eluted with n-hexane/EtOAc (2:1) were subsequently subjected to HPLC with acetonitrile/water (with a 50:50-to-100:0 gradient) to give 1 (3.7 mg) and 2 (7.8 mg).
The dried roots (67 g) of sample 3 were extracted with EtOAc. Onefourth of this extract was concentrated under reduced pressure to give a residue (569 mg), which was chromatographed on silica gel with a gradient of n-hexane-EtOAc (from 100:0 to 0:100). Fractions eluted with EtOAc gave 3 (80 mg).
The dried roots (40 g) of sample 7 were extracted with EtOAc. Half of the extract was concentrated under reduced pressure to give a residue (485 mg), which was chromatographed on silica gel with a gradient of n-hexane-EtOAc (from 100:0 to 0:100). Fractions eluted with n-hexane/EtOAc (2:1) were subsequently subjected to HPLC with acetonitrile/water (with a 50:50-to-100:0 gradient) to give 5
(2.4 mg). Fractions eluted with n-hexane/EtOAc (1:1) were subsequently subjected to HPLC with acetonitrile/water (with a 50:50-to-100:0 gradient) to give 4 (2.0 mg). Fractions eluted with EtOAc gave 3 (45 mg).
DNA analysis:
Purification of DNA from dried leaves, amplification of the rRNA gene cluster and the atpB-rbcL intergenic region, and sequencing were carried out as described previously [8] .
